The true number of industrial accidents followed by absence from work in the Netherlands in 1993 has been estimated by using a capture-recapture approach. A government safety register noted 29,685 cases reported by Dutch companies. The statutory organization that insures employees of the same companies against absence from work for medical reasons (but does not provide special compensation for disability due to accidents at work) noted 19,397 cases for which absence control visits revealed an occupational injury to be the cause of the absence. These two registers showed an overlap of 5,881 matched cases. Assuming them to be independent and capture probability to be homogeneously distributed, the authors obtained a crude estimate of 97,909 accidents. Two methods for correcting this crude estimate are presented. The first method is logistic modeling of the data using age, sex, branch of industry, number of work sites, size of workforce, and seriousness of injury as explanatory variables to allow for heterogeneity in capture probabilities. Applying the model coefficients of these characteristics to the 43,201 distinct cases noted in both registers, we obtained an estimate of 97,524 accidents. Second, knowledge of the reporting and registration procedures utilized by the two sources was used to obtain an estimate of source bias. Errors in recording date of birth and differences between the two registries precluded matching of a number of overlapping cases, accounting for 16.9% overestimation of the true number, corresponding to 83,283 accidents and a government capture rate of 35.6%. Am J Epidemiol 1998; 148:182-90.
know of no studies that estimate the true number of industrial accidents on a national scale.
As others have pointed out, sampling would introduce no bias in the estimate of the true number if the selective data-capture techniques used by the registries were independent (16, 17) , if each case had been registered correctly, and if appropriate matching had been performed (18) . However, most of these assumptions cannot be proven to hold; indeed, some will almost certainly not hold in practice. Hence, estimates of precision are of low added value (17) . On the one hand, if there is dependency between captures, it may be expected to be positive, which may account for consistent underestimation (18, 19) . On the other hand, differences between registries and errors in recording the matching variables may both preclude matching of identical cases, leading to overestimation of the true number, and both may be viewed as categories of what we will call source bias. An estimate of this bias may be obtained on the basis of in-depth knowledge of the ways accidents are typically notified and recorded. Since the registers concerned often collect data sharing only partially the same variables, combining the data of the overlapping cases may add to this knowledge. However, many studies seem to overlook the potential of this assessment for the Reporting Industrial Accidents in the Netherlands 183 control of bias (11, 20) , which may be substantial (14, 15, 21) .
Capture-recapture data have been analyzed with the help of logistic modeling (22) (23) (24) . In this study, we have expanded this method for the estimation of extensive models.
To provide a foundation for an effective safety policy in the Netherlands, employers are legally obliged to notify the National Inspectorate of Labour within 2 weeks about accidents at work followed by absence from work, which we will henceforth simply call "accidents" (25, 26) . Each notification includes the date of the accident, the branch of industry, and the name of the company involved (both entered by the Labour Inspectorate in encoded form only). Notification is given of only the victim's date of birth and sex, which are entered (by hand); the person's name is not given. There are a number of reasons why this scheme may not be expected to work well in practice. Within a given company, various departments may be charged with the reporting of accidents to the Inspectorate. This may give rise to double registration. On the other hand, registration of an accident is not perceived as being of benefit either by the employee or by the employer. The employee derives no right to compensation from registration as the victim of an accident over and above his/her claim for sick leave. An employer may perceive visits by the Inspectorate to follow up accident reports as a threat or interference rather than as a contribution to safety at work. Major reasons for underreporting of accidents have been identified elsewhere as advanced age and short duration of absence from work after an accident (27) .
The other register considered in this study is maintained by the Gemeenschappelijk Administratie Kantoor (GAK), an umbrella organization combining 13 of the 19 occupational health insurance companies in the Netherlands, with which companies have a statutory obligation to insure employees against the risks of absence from work due to illness or injury. GAK covers 70 percent of all Dutch trade and industry. Each notification of sick leave to the GAK by a company includes the identification code of the employee concerned and the date of inception of sick leave. It is also recommended that mention be made of the fact that the absence is due to an occupational injury. Absence beginning in an afternoon is reported to GAK as starting next day. As a rule, employees are visited by a sick-leave Inspector from GAK on the day after their absence begins to check on the reason for absence from work. If the Inspector concludes that sick leave is due to an occupational injury, he will enter this in his report to GAK if it is not already included by the company in its initial notification. The home-visit report of occupational injury to GAK by the sick-leave Inspector has been assumed to be independent at the employee level of the notification of accidents to the Inspectorate by the company. Since the direct company reports to GAK are often submitted by staff who also notify the Inspectorate of accidents, source dependency cannot be ruled out, so these data have not been used here. The objectives of this study were 1) to estimate the true number of accidents, as a crude estimate, and as a domain of the Inspectorate's known field of capture, 2) to estimate the source bias, 3) to estimate the effects of characteristics of the victim or his/her work site on this estimate, and 4) to suggest improvements on the notification and registration of accidents at work on basis of the results of points 2 and 3.
MATERIALS AND METHODS Variables
Six variables that were common to both registers have been included in the analysis, all at the individual level. They are date of birth, sex, branch of industry, number of work sites, size of the workforce, and seriousness of the accident as measured by duration of absence. For each company, the size of the workforce and the number of work sites are known by the Dutch Chamber of Commerce, with 8,088 of the 175,109 companies being located at more than one site. Since the work site is not included in the accident registers, the mean number of workers per work site has been estimated to assess the effect that this may have on the reporting of accidents at work. The cases reported in the two registers were matched by branch of industry, company, and date of birth of the employee concerned.
Subjects
In 1993, the Inspectorate recorded 29,715 accidents, as notified by companies that were insured against absenteeism by GAK. GAK recorded 43,202 periods of absence from work that started in 1993 after an accident. Of these, 23,804 were reported by the company directly to GAK on the absence notification form, and an additional 19,398 were noted in a homevisit report to GAK by one of its sick-leave Inspectors, if the company had not already informed GAK. The last two sets of reports were found to overlap by one case, which has been excluded from the GAK Inspector's register, leaving 19,397 cases in this group.
The overlap between the Inspectorate register and GAK's records of home visits amounted to 5,881 cases. In this overlap group, the GAK register yielded 188 employees with two accidents in 1993, while the Inspectorate register yielded 292. Since the GAK register controls for twofold input of the same accident Am J Epidemiol Vol. 148, No. 2, 1998 while the Inspectorate register does not, it may be concluded that the overlap group included 104 accidents (1.8 percent) that had been recorded twice in the Inspectorate register. Assuming the incidence of double registrations in the Inspectorate register to be independent of the degree of overlap, we may conclude that 1.8 percent of the cases in the Inspectorate register may have been registered twice. The GAK Inspector generally makes his home visits on the day after the accident. Forty-three victims stayed home for only 1 day. Since in 52 percent of the overlap cases (3,038/ 5,881) inception of sick leave coincided with the date of the accident, the population of accident victims may be considered to be approximately closed (16) . According to GAK, 3 percent of the companies they served were taken over by another company in 1993. Only GAK recoded all the data for these companies, including the reports of absence after accidents, retrospectively back to January 1, 1993, with the code of the new parent company. As a result of this recoding, none of the GAK accident data for the companies that had been taken over could be matched with the Inspectorate data.
Instantly fatal accidents (n = 30) were, of course, not followed by a home visit by the GAK Inspector. This number has been excluded from the accidents reported to the Inspectorate, leaving 29,685 cases. In 160 cases in which the employee in question died shortly after the accident, this fact was reported by the GAK Inspector. These cases were retained in the data derived from home-visit reports. In our study, we therefore restricted ourselves to estimation of the number of industrial accidents that were not immediately fatal and that occurred in 1993 at GAK-insured companies in the Netherlands and were followed by absence from work.
Three groups logistic model estimation of capture rates
Assuming homogeneity of probability of occurrence between accidents, the crude estimate of the true number of accidents N has been derived from the expression:
which is a maximum likelihood estimate, where u, is the number of accidents recorded only by the Inspectorate; u 2 is the number of accidents recorded only by the GAK Inspector, and m is the number of accidents recorded by both the GAK Inspector and the Inspectorate. For the calculation of this point estimate and its estimated variance, see appendix 1.
Assuming heterogeneity of probability of occurrence between accidents, the size of the unknown number, N, has been estimated following essentially logistic regression models proposed earlier for capture-recapture models (22, 23 ). The logistic model from which the estimate is derived allows capture probabilities to vary across individuals and capture times. To account for the unobservable part of the capture probability, reflecting those members who are not captured at all, we have used independent variables for conditioning (23) rather than for stratification (19) . The registers covered by the analysis are assumed to operate independently at case level, given the independent variables in the model. On this assumption, the model used allows for correlation between captures at the population level. Since, in our study, most workers appear to be registered only once, bias due to within-individual heterogeneity of capture probabilities is virtually negligible (28) (29) (30) . Hence, no allowance had to be made in the model for heterogeneity between capture times. An estimate of the true number of accidents, N, can be obtained by dividing each registered accident by the probability of actually capturing it and adding these reciprocal probabilities over the distinct cases of the study (23) (w 2 + u 2 + m):
where M, is the probability of an accident i being registered by either source. This probability has been specified in terms of the independent variables mentioned above by means of logistic modeling. For point and interval estimation, standard statistical software packages for polytomous logistic regression or for maximizing likelihood functions can be used (appendix 2). Nonlinearity of the model variables has been taken into account by also including the continuous variables of the model (age, number of work sites, and number of workers), as well as the squared terms, which significantly contributed to the model. No interaction terms were included. Once the model had been estimated, the effect of a categorical variable on the crude value of the true number was estimated by adjustment, taking the effect of the other variables into account by using their population mean value. The effects of the model variables on capture have been compared in terms of the Inspectorate's known capture rate, as a percentage of the estimated true number of accidents. Confidence intervals, which may assumed to be too narrow, will be presented only incidentally.
RESULTS
On the assumption of homogeneity between accidents, the crude maximum likelihood estimate of the true number of accidents, N, equals 97,909, of which 
Source bias
Six shortcomings of the data have been discovered, which cause equation 1 to overestimate the true number of accidents by preventing effective matching. These shortcomings may be grouped under the headings of register bias and recording bias.
Register bias. Five sources of error may be distinguished here.
1) At the end of 1993, GAK recoded the data for all companies (3 percent of the total) that had been taken over during that year. This recoding was retrospective, going back to January 1, 1993. Since the Inspectorate operates at work site level, its register was not recoded in this way, making it impossible to match the data for these companies included in both registers. Assuming that the companies taken over were comparable with other companies in all other respects and that takeovers were uniformly distributed over the months of 1993, we may conclude that 1.5 percent of all cases could not be matched.
2) Of the accidents registered by the Inspectorate, 1.8 percent were registered twice, but no information was available on which cases were involved.
3) In 52 percent of the overlap cases (3,038/5,881), absence appeared to start on the day of the accident. We may therefore expect that 52 percent of the 43 cases with only 1 day of absence should have been included in the overlap (0.4 percent), but could not possibly be visited by the GAK Inspector since they went back to work the day after the accident. Recording bias. The sixth shortcoming of the data is in recording bias. In 3,038 of the 5,881 overlapping cases, the date of accident matched the date of sick leave. Date of birth (six digits) was included to prevent mismatches of workers who had an accident while employed by the same company on the same date. However, when only the year of birth (two digits) was retained among the matching criteria, 3,286 matches appeared to be successful, instead of 3,038, with 248 matches being missed by errors in recording the other four digits (for day and month of birth). Therefore, errors, in recording the date of birth accounted for approximately (100)(6/4)(3,286/ 3,038 -1) = 12.2 percent of overlap cases actually not being matched.
Assuming independence between these six sources of error, we may conclude that the overall effect of source bias is overestimation of the true number of accidents by approximately 17.0 percent. This yields a corrected estimate of 83,683 accidents, corresponding to a capture rate of 35.5 percent.
Effect of model estimates
Assuming heterogeneity between accidents and adjusting for the variables in the model by applying their grand means, we estimated the true number of accidents to be 96,833. Correction for source bias yielded an estimate of 82,763. The results of the model estimation are summarized in table 1. For each variable of the model, the difference between the crude estimate and the adjusted estimate appeared to be small, with a maximum for number of work sites of 2.3 percent. The effects of the variables on capture are expressed in terms of the known capture by the Inspectorate as a percentage of the estimated true number of accidents after correction for source bias. This capture rate is given in the next to last column of table 1. With increasing age, this capture rate decreases by about 1 percent of the true number per decade. The capture of male victims exceeded that of females by about 12 percent of the true number. Branches of industry showed differences in the reporting of accidents to the Inspectorate, with reporting by Transport yielding only 32 percent. Companies with more than one work site reported a higher proportion of their accidents. With increasing workforce per work site, the reporting appeared to improve from 33 percent for small companies (1-9 employees) to 41 percent for companies with 500 or more employees, with a relatively small capture rate for the category unknown number of employees. With increasing seriousness of the injury, the reporting decreased significantly. The continuous variables included as squared terms did not contribute significantly to the model by Wald's test. The capture model showed no substantial departure from linearity, being slightly convex.
DISCUSSION

Effect of missing data on capture
Missing values for the number of work sites yielded an outlying correction of the crude estimate by 46 percent (table 1) (95 percent confidence interval 32-61 percent). A company's failure to notify the Chamber of Commerce of the number of its work sites might be considered a proxy variable for defective reporting of accidents to the Inspectorate. Therefore, the bias of the true number estimate could be expected to be maximal for this category of this variable. The relatively large number of accident reports in which time off from work was missing may be related to the fact that work may not have been resumed in 1993 (GAK) or that employees had already returned to work before the company's accident report form was completed (Inspectorate), since the median time off work equaled 6 days, as observed in the group of matched cases. In such cases, there is no point in filling in the foreseen time off from work. However, this category of accidents involving relatively slight injuries, as measured by time off from work, was actually associated with the highest capture rate (42 percent).
GAK Inspector's capture rate
The differences in this part of the GAK capture rates between the categories of the model variables reflect the variation in the strictness with which the Inspector investigates the reasons for absence from work of different types of cases and in the accessibility of the absentees concerned. For example, there is virtually no difference in capture rate between age groups or between sexes (table 1) . No simple explanation could be found for the differences between branches of industry. However, the numbers involved are predominantly small. The capture rate tends to be lower for larger companies (27 percent for 1-9 workers compared with 21 percent for >500 workers), while the value for the "size of workforce unknown" category is as low as 17 percent, which strongly suggests the illegal employment of uninsured staff in many cases in this category. The capture rate for the most serious accidents (time off work >13 weeks) is only 18 percent; most seriously injured victims are often hospitalized for immediate surgery at the moment when the Inspector calls.
Variation with time
As another application of the method presented, a model was estimated with only the branch of industry and the day of the week as variables. The results obtained with these models are summarized in table 2. The corrected true number of accidents decreased throughout the work week from 20,294 on Monday to 1,244 on Sunday, while capture increased from 31.0 percent on Monday to 46.8 percent on Saturday. Since blue-collar workers are predominantly employed fulltime, the population at risk may have been approximately stable throughout the work week. Hence, it may be hypothesized that overall work routines, including safety measures and accident-reporting procedures, have to be built up anew every week. Part of the excess rate on Monday has been related to carryover effects of the weekend ("blue Monday") (31). Our assumption that accidents are evenly distributed over days of the week has to be rejected. The correction factor equals (ll,126/80,670)(2.4) = 0.33 percent compared with the assumed 0.48 percent, corresponding to a source bias of 16.9 percent, a true number of 83,283 industrial accidents, and an Inspectorate's capture rate of 35.6 percent.
Source dependency
The estimates presented are valid only if both sources are mutually independent. Fully negative, dependent sources will have no overlap, resulting in a capture-recapture estimate of infinity. Completely positive, dependent sources will overlap completely, resulting in maximal underestimation (12) . The distribution of the GAK capture fed by the companies over the categories of the variables of the model was found to be associated with the corresponding distribution of the Inspectorate's capture (Spearman's rho = 0.43, n = 29, p -0.02 (ties prevented by using two decimal places; data not presented)), while no such association was found between the GAK Inspector and the Inspectorate (Spearman's rho = -0.14, n = 29, p < 0.45) or between the two sections of GAK (Spearman's rho = -0.10, n = 29, p > 0.60), which enhances confidence in the independence of the sources of this study. How-
ever, since residual heterogeneity between sources cannot be ruled out, this test may yield a corroboration only a posteriori of the source independency assumption.
Notification of accidents appeared to be associated with characteristics of both the company and the victim. Source dependency may only be considered in the presence of worker's characteristics that affect both a company's notification to the Inspectorate and sickleave Inspector's notification to GAK. In the case of a serious injury, an employer may hesitate to report to the Inspectorate, resulting in low capture rates for these categories (table 1). In the same case, the sickleave Inspector will almost certainly observe and report the serious injury to GAK as the cause of the absence from work. However, as mentioned above, this negative relation does not bias the true number estimate if these factors have no correlation at the level of the employee concerned. For example, we would get a positive association of the notification to the two registers if the employee himself reported unsafe conditions at his workplace in addition to informing the GAK Inspector about the reason why he was absent from work. The effect of this positive dependency is, paradoxically, an underestimation of the true number of accidents. However, if we assume that this association is related to the seriousness of the accident, the bias due to the association can be at least partially controlled by including duration of absence in the explanatory model as a proxy variable for the seriousness of the injury. Employee characteristics negatively associated with notification to both registries may be found if, in cases of dereliction of duty, victims are inclined to deny that any accident took place, both at the work site and in the interview with the GAK Inspector. No effective method exists for controlling this effect on the estimation. There is no evidence, however, that employee characteristics of the type discussed above actually exist in the present case.
In addition, we may be reasonably confident of source independency here because the companies and GAK Inspectors registered accidents differently in at least four respects, namely, 1) fact: accident followed by absence versus sick leave with injury at work; 2) time: after the accident versus after the inception of absence; and 3) place: at the work site versus at home, and 4) direction: to the Inspectorate versus to GAK. These differences would tend to attenuate the effect of any association at a personal level between both registrations. Moreover, the effects of simultaneous positive and negative associations will at least partially cancel out.
In this article, two methods have been presented for correcting the crude estimate of a true number of events obtained from two assumedly independent sources. The first method estimates the source bias; a thorough knowledge of the reporting and registration procedures employed by the two sources is found to be a prerequisite for this. The second method predicts the probability of capture of each event by either source, given the characteristics of the events included as variables in a three-group regression model for the explanation of capture.
APPENDIX 1 ESTIMATION OF TRUE NUMBER OF INDUSTRIAL ACCIDENTS, WITH CONFIDENCE INTERVAL
Point estimate
Let:
M, = the number of accidents recorded only by the Inspectorate, u 2 = the number of accidents recorded only by the GAK inspector, and m = the number of accidents recorded by both the GAK inspector and the Inspectorate. 2 + m)lm is the maximum likelihood estimator of the unknown number of accidents, which is equivalent to mlp x p 2 , the number of matched cases divided by the probability of a case being captured by both registers. This estimation is also equivalent to:
(also see appendix 2). Confidence limits for N are calculated using the log transformation of N. The variance of ln(N) can be calculated by using the delta method (32) v~ PuPn-
The following conditional probabilities are defined: Mj,/M ( is the probability that a distinct accident is captured only by the Inspectorate (TT U ); u 2i /M ( is the probability that a distinct accident is captured only by Gemeenschappelijk Administrative Kantoor (GAK) (7r 2( ); and m i IM i is the probability that a distinct accident is captured by both registers (TT 12( ). These probabilities add up to unity.
Let us further define the following linear predictors, assuming that for both sources the same set of explanatory variables JC, is used: Zw = Zu + z 2i = (a, + a 2 ) + (ft + j3 2 )x,.
By assuming p,, andp 2 , to be logistic functions with respective linear predictors z u and z 2i , the following regular three-groups logistic regression model for ir w , TT 2I , and TT 12I -can be derived (23) In practice, this means that in capture-recapture analysis, one can take into account all kinds of explanatory variables simultaneously, using standard statistical software packages with a polytomous logistic regression module or a general maximum likelihood estimation module (for example, modules PR and LE in the BMDP package (32)). In this study, the LE module was preferred because of its better convergence. Since the method of maximum likelihood is used, all tests and variance estimators from likelihood theory are available.
